The cellular mechanisms underlying Purkinje neuron death in various neurodegenerative disorders of the cerebellum are poorly understood. Here we investigate an in vitro model of cerebellar neuronal death. We report that cerebellar Purkinje neurons, deprived of trophic factors, die by a form of programmed cell death distinct from the apoptotic death of neighboring granule neurons. Purkinje neuron death was characterized by excessive autophagic-lysosomal vacuolation. Autophagy and death of Purkinje neurons were inhibited by nerve growth factor (NGF) and were activated by NGF-neutralizing antibodies. Although treatment with antisense oligonucleotides to the p75 neurotrophin receptor (p75ntr) decreased basal survival of cultured cerebellar neurons, p75ntr-antisense decreased autophagy and completely inhibited death of Purkinje neurons induced by trophic factor withdrawal. Moreover, adenoviral expression of a p75ntr mutant lacking the ligand-binding domain induced vacuolation and death of Purkinje neurons. These results suggest that p75ntr is required for Purkinje neuron survival in the presence of trophic support; however, during trophic factor withdrawal, p75ntr contributes to Purkinje neuron autophagy and death. The autophagic morphology resembles that found in neurodegenerative disorders, suggesting a potential role for this pathway in neurological disease.
Introduction
Chronic neurodegenerative diseases are characterized by a selective loss of specific neuronal populations over a period of years or even decades. Although the underlying causes of most neurodegenerative diseases are unclear, the loss of neurons and neuronal contacts is a key feature of disease pathology. Elucidation of the cellular mechanisms regulating neuronal cell death is critical for developing new therapeutic strategies to slow or halt the progressive neurodegeneration in these disorders.
Purkinje neurons in the cerebellum integrate input to the cerebellar cortex from the mossy fibers and climbing fibers and subsequently generate inhibitory output to the deep cerebellar nuclei (Ghez and Thach, 2000) . In addition to their essential role in proper cerebellar function, Purkinje neurons provide critical trophic support to developing cerebellar granule neurons and inferior olivary neurons (Torres-Aleman et al., 1994; Zanjani et al., 1994; Linseman et al., 2002a) . Purkinje neurons are specifically lost in various neurodegenerative conditions such as spinocerebellar ataxias (Koeppen, 1998; Watase et al., 2002) , ataxia telangectasia (Gatti and Vinters, 1985; Borghesani et al., 2000) , autism (Ritvo et al., 1986; Bailey et al., 1998) , and certain prion encephalopathies (Ferrer et al., 1991; Watanabe and Duchen, 1993; Lasmezas et al., 1997) . Although Purkinje cell loss is a critical feature of disease pathology, the molecular mechanisms underlying Purkinje cell death remain poorly understood.
The Lurcher (Lc) mouse has been extensively used as an in vivo model of Purkinje neuron degeneration. The cell degeneration in the Lurcher cerebellum results from a single point mutation in the ␦2 glutamate receptor (GluR␦2), whose expression is restricted to Purkinje neurons (Zuo et al., 1997) . The degeneration and loss of Purkinje neurons in Lurcher cerebellum is followed by a secondary death of cerebellar granule neurons and inferior olivary neurons attributable to loss of trophic support normally provided by their afferent target Purkinje neurons (Wetts and Herrup, 1982) . Because GluR␦2
Lc causes a constitutive depolarization of Purkinje neurons, it was originally thought that the death of Purkinje neurons in the Lc cerebellum was akin to excitotoxicity mediated by excessive calcium influx. However, a recent report suggested that the mechanism of GluR␦2
Lcinduced Purkinje cell degeneration can be dissociated from depolarization (Selimi et al., 2003) . Instead, Lc Purkinje cell death is hypothesized to involve interactions between the mutant GluR␦2 receptor and the proteins nPIST and Beclin 1, because these protein-protein interactions can lead to cell death and increase autophagy when overexpressed in heterologous cells (Yue et al., 2002) . Furthermore, both groups were able to demonstrate the appearance of autophagic vacuoles in Lc Purkinje neurons before degeneration, suggesting that upregulated autophagy is an early feature of dying Purkinje neurons (Yue et al., 2002; Selimi et al., 2003) .
Autophagy is a degradative pathway responsible for the bulk of proteolysis in normal cells. Autophagy is an evolutionarily conserved pathway that leads to the degradation of proteins and entire organelles in cells undergoing stress; however, in extreme cases it can result in cellular dysfunction and cell death (Klionsky and Emr, 2000) . Autophagy begins with the formation of doublemembrane vesicles that sequester cytoplasm and organelles in autophagosomes (autophagic vacuoles in mammalian cells). The autophagosomes fuse with lysosomes, forming autophagolysosomes. The contents of autophagolysosomes are degraded by lysosomal enzymes into basic macromolecules, which are then recycled for use in essential cellular functions (Stromhaug and Klionsky, 2001 ).
Dysregulation of autophagolysosomal activity can lead to cell death and is implicated in several neurodegenerative conditions, including Parkinson's disease (Anglade et al., 1997 ), Alzheimer's disease (Cataldo et al., 1996; Nixon et al., 2000) , Lewy body dementias (Zhu et al., 2003 ), Huntington's disease (Kegel et al., 2000; Petersen et al., 2001) , and prion encephalopathies (Boellaard et al., 1991; Liberski et al., 2002) . Nutrient deprivation, including withdrawal of serum (Mitchener et al., 1976) , is one stimulus known to induce autophagy. In this report, we describe an in vitro model to investigate signaling pathways that regulate autophagy and survival in cerebellar Purkinje neurons. We used cerebellar cultures from early postnatal rats to investigate Purkinje neuron death in response to trophic factor withdrawal. In this model, Purkinje cell loss was characterized by extensive cytoplasmic vacuolation and a marked absence of nuclear condensation or fragmentation. The vacuoles stained with markers for autophagic vacuoles and lysosomes and the presence of abundant, enlarged autophago(lyso)somes was confirmed by transmission electron microscopy. The autophagy inhibitor 3-methyladenine diminished cytoplasmic vacuolation and moderately increased the survival of Purkinje neurons. Nerve growth factor (NGF) also inhibited autophagy and death of Purkinje neurons. The protective effects of NGF were mediated by the low-affinity p75 neurotrophin receptor (p75ntr). Our data support the hypothesis that p75ntr can regulate autophagy and death in Purkinje neurons.
Materials and Methods
Materials. Polyclonal antibodies to calbindin-D28k and p75ntr, monoclonal antibodies to NGF, and purified NGF were obtained from Chemicon (Temecula, CA). Polyclonal antibodies to NGF and monoclonal antibodies to phospho-TrkA were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The monoclonal phosphotyrosine antibody (Ab) was obtained from Upstate Cell Signaling Solutions (Lake Placid, NY). A polyclonal antibody to the intracellular domain of rat p75ntr was obtained from Covance (Berkeley, CA). Cy3-and FITC-conjugated secondary antibodies for immunocytochemistry were purchased from Jackson ImmunoResearch (West Grove, PA). Horseradish peroxidaselinked secondary antibodies and reagents for enhanced chemiluminescence detection were obtained from Amersham Biosciences (Piscataway, NJ). Lysosensor blue was obtained from Molecular Probes (Eugene, OR). Monodansylcadaverine, 3-methyladenine, and 4,6-diamidino-2-phenylindole (DAPI) were from Sigma (St. Louis, MO). Adenoviral cytomegalovirus (CMV; negative control adenovirus) was from Dr. Jerry Schaack (University of Colorado Health Sciences Center, Denver, CO). The adenoviral rat p75ntr myristylated intracellular domain (p75mICD) has been described previously (Roux et al., 2001) .
Cell culture. Rat cerebellar granule neurons were isolated from 7-d-old Sprague Dawley rat pups as described previously (D'Mello et al., 1993) . Briefly, neurons were plated at a density of 2.0 ϫ 10 6 cells/ml in basal modified Eagle's medium (BME) containing 10% fetal bovine serum, 25 mM KCl, 2 mM L-glutamine, and penicillin (100 U/ml)-streptomycin (100 g/ml; Invitrogen, Gaithersburg, MD) Cytosine arabinoside (10 M) was added to the culture medium 24 hr after plating to limit the growth of non-neuronal cells. Experiments were performed after 7 d in culture. Death was induced by removing the serum-and high-potassium-containing media and replacing it with serum-free and 5 mM potassium BME.
Adenoviral infection. Five days after plating, neuronal cultures were infected with either control adenovirus (adenoviral CMV) or adenoviral p75ntr, full-length or truncated, mICD, each at the indicated multiplicity of infection. After infection, cells were returned to the incubator for 48 hr at 37°C and 10% CO 2. On day 7, neurons were processed for live cell imaging or fixed for immunocytochemistry.
Antisense. The p75ntr antisense and missense oligonucleotides (both at 5 M) were added to the cultures at the time of plating [day in vitro (DIV) 0] by repeatedly triturating the cells in the presence of the oligonucleotides before seeding. The oligonucleotides were present throughout the culture. Trophic factor withdrawal was performed on day 5 or 6 in culture (DIV 5 or 6) for either 24 or 48 hr. After this treatment, the cells were processed for live cell lysosensor experiments or fixed for immunocytochemistry to count Purkinje neurons. In all cases, the antisense was taken up by neurons with nearly 100% efficiency as assayed by visualization of the fluorescently labeled oligonucleotides. HPLC-purified phosphorothioate oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA). Sequences used were as follows: rat p75ntr 5Ј antisense, 5Ј-ACCTGCCCTCCTCATTGCA-3Ј; and rat p75ntr 5Ј missense, 5Ј-CTCCCACTCGTCATTCGAC-3Ј. The rat 5Ј p75ntr antisense was also purchased with a 5Ј 56-FAM fluorescent label so that uptake by the neurons could be monitored. The antisense sequence used has been characterized previously and has been shown to be effective at inhibiting p75ntr-mediated cell death both in vitro and in vivo (Barrett and Bartlett, 1994; Cheema et al., 1996; Lowry et al., 2001) .
Immunocytochemistry. Neuronal cultures were plated on polyethyleneimine-coated glass coverslips. Neurons were infected and induced to undergo death as indicated previously. After treatment, the neurons were fixed with 4% paraformaldehyde and then permeabilized and blocked with PBS, pH 7.4, containing 0.2% Triton X-100 and 5% BSA. Cells were then incubated with polyclonal antibodies against calbindin (1:250), active caspase-3 (1:500), or p75ntr (1:250) overnight at 4°C diluted in PBS containing 0.1% Triton X-100 and 2% BSA. Primary antibodies were then removed, and the cells were washed at least six times with PBS at room temperature. The neurons were then incubated with Cy3-conjugated donkey anti-rabbit secondary antibodies (1:500) and DAPI (1 g/ml) for 1 hr at room temperature. The cells were then washed at least six more times with PBS, and coverslips were adhered to glass slides with mounting medium (0.1% p-phenylenediamine in 75% glycerol in PBS). Imaging was performed on a Zeiss (Thornwood, NY) Axioplan 2 microscope equipped with a Cooke Sensicam deep-cooled CCD camera, and images were analyzed with the Slidebook software program (Intelligent Imaging Innovations Inc., Denver, CO).
Purkinje cell counts. Purkinje neuron numbers were measured by counting the number of calbindin-positive cells in 152 fields under 63ϫ oil that were randomly selected by following a fixed grid pattern over the coverslip. The total area counted per coverslip was 14.6 mm 2 or ϳ13% of the coverslip. In addition to calbindin staining, cells were also judged on their morphology. Cells counted as Purkinje neurons had large rounded cell bodies, elaborate processes, and larger, more oval nuclei (in comparison with the smaller, rounder nuclei of granule neurons). Some very bright calbindin-positive cells that were either as small as the granule neurons, having bipolar processes, or very large flattened cells, lacking elaborate processes, were not counted because previous studies on in vitro differentiation of Purkinje neurons suggest that these cells may represent examples of delayed or aberrant development of Purkinje neu-rons in culture (Baptista et al., 1994) . At least three coverslips were counted per experimental condition. The numbers were averaged and expressed as a percentage of the average number counted in the appropriate controls. This was repeated for at least three independent experiments.
Live cell imaging and vacuolation measurements. Lysosensor blue and monodansylcadaverine (MDC) were added to the cultures at the end of the indicated treatments and returned to the incubator for 20 min. The cells were then washed three times with 37°C phenol red-free DMEM to remove nonspecifically bound dyes. The coverslips were mounted onto glass slides on ϳ10 l of phenol red-free DMEM; excess media were aspirated; and the coverslips were sealed and imaged immediately. Purkinje neurons were identified on the basis of their morphology (large, oval nuclei, large cell body, and multiple processes) by scanning the coverslips under bright-field differential interference contrast with a 63ϫ oil objective. Images of the lysosensor blue and MDC fluorescence were captured on the DAPI and FITC channels, respectively, with the 100ϫ oil objective. The lysosensor blue images were used to measure the diameters of all the visible lysosomes in at least six Purkinje neurons per condition. This was usually between 100 and 200 lysosomes. This was repeated for at least three independent experiments.
Transmission electron microscopy. Cultured cells were fixed in 2% paraformaldehyde and 2.5% glutaraldehyde for 1 hr, postfixed in 1% osmium tetroxide for 1 hr at 4°C, and processed for embedding in the culture dish. Cells were then gently scraped and embedded in blocks of Eponaraldite. Thin sections were stained with 4% aqueous uranyl acetate and lead citrate and examined on a Philips CM-12 electron microscope.
Lysate preparation. After incubation for the indicated times and with the reagents specified above, the culture medium was aspirated, cells were washed once with 2 ml of ice-cold PBS (PBS, pH 7.4), placed on ice, and scraped into lysis buffer (200 l/35 mm well) containing 20 mM HEPES, pH 7.4, 1% Triton X-100, 50 mM NaCl, 1 mM EGTA, 5 mM ␤-glycerophosphate, 30 mM sodium pyrophosphate, 100 M sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 10 g/ml leupeptin, and 10 g/ml aprotinin. Cell debris was removed by centrifugation at 6000 ϫ g for 3 min and the protein concentration of the supernatant was determined using a commercially available protein assay kit (Pierce, Rockford, IL). Equal amounts of supernatant protein were diluted to a final concentration of 1ϫ SDS-PAGE sample buffer, boiled for 5 min, and electrophoresed through 7.5% polyacrylamide gels. Proteins were transferred to polyvinylidene membranes (Millipore, Bedford, MA) and processed for immunoblot analysis.
Immunoblot analysis. Nonspecific binding sites were blocked in PBS, pH 7.4, containing 0.1% Tween 20 (PBS-T) and 1% BSA for 1 hr at room temperature. Primary antibodies were diluted in blocking solution and incubated with the membranes for 1 hr. Excess primary Ab was removed by washing the membranes three times in PBS-T. The blots were then incubated with the appropriate horseradish peroxidaseconjugated secondary Ab diluted in PBS-T for 1 hr and were subsequently washed three times in PBS-T. Immunoreactive proteins were detected by enhanced chemiluminescence. In some experiments, membranes were reprobed after stripping in 0.1 M Tris-HCl, pH 8.0, 2% SDS, and Figure 1 . Trophic factor withdrawal induces a nonapoptotic death pathway in Purkinje neurons. Cultured cerebellar neurons were allowed to differentiate in medium containing 10% fetal calf serum and 25 mM potassium. On day 7, neurons were either maintained in control medium (25KϩSer) or subjected to trophic factor withdrawal medium (5KϪSer) for 24 -48 hr. A, Purkinje number was quantified by counting the total number of calbindin-positive Purkinje cells in randomly chosen, equally sized areas per condition (total area, 14.6 mm 2 ). Numbers are plotted as a percentage of control. Values represent the mean Ϯ SEM of three independent experiments each performed in triplicate. **Significant difference from 25KϩS control at p Ͻ 0.01, one-way ANOVA, Tukey's post hoc test. B-G, Cells incubated in either control medium ( B-D) or deprived of trophic factors ( E-G) were fixed and stained with polyclonal antibodies against calbindin-D28k (a specific marker of Purkinje neurons; red) and the nuclear dye DAPI (blue). B, C, Purkinje neurons maintained in control medium demonstrate differentiated morphology. D, DAPI staining reveals the nuclei of healthy granule neurons and a Purkinje neuron (arrow). E, F, Trophic factor withdrawal induced extensive cytoplasmic vacuolation of Purkinje neurons (see magnified insets). G, DAPI staining reveals increased nuclear condensation and fragmentation in granule neurons, whereas there is a notable lack of nuclear condensation in Purkinje nuclei (arrow). 100 mM ␤-mercaptoethanol for 30 min at 52°C. The blots were rinsed twice in PBS-T and processed as above with a different primary Ab. Autoluminograms shown are representative of at least three independent experiments.
Data analysis. Results shown represent the means Ϯ SEM for the number of independent experiments performed. Statistical differences between the means of unpaired sets of data were evaluated using one-way ANOVA followed by post hoc Tukey's test; p Ͻ 0.05 was considered statistically significant.
Results

Trophic factor withdrawal results in a loss of Purkinje neurons that is morphologically distinct from apoptosis
We have investigated Purkinje neuron death induced by trophic factor withdrawal using primary cerebellar neuronal cultures. Although these cultures have been extensively used to study signaling pathways that regulate survival of cerebellar granule neurons (D'Mello et al., 1993; Linseman et al., 2002b; Vaudry et al., 2003) , they also provide a model system for studying differentiated Purkinje neurons (Baptista et al., 1994) . Primary neuronal cultures are derived from dissociated cerebella of early postnatal rats. These neuronal cultures survive and differentiate when maintained in medium containing 10% fetal calf serum and a depolarizing concentration of potassium (25 mM). Granule neurons, which constitute ϳ98% of the cell population, undergo classical apoptosis, characterized by chromatin condensation and caspase activation, when they are deprived of serum and depolarizing potassium (trophic factor withdrawal; (D'Mello et al., 1993; Linseman et al., 2002b).
In contrast, Purkinje neurons, which make up ϳ2% of the Autophagic and lysosomal markers stain vacuoles that form during Purkinje neuron degeneration. Purkinje neurons maintained in either control (25KϩSer) or trophic factor withdrawal (5KϪSer) media for 24 hr were stained with the autophagic marker MDC (green), and lysosensor blue, a pH-sensitive dye that fluoresces blue in acidic environments. Live cell imaging of control ( A-D) and trophic factor-deprived ( E-H) Purkinje neurons was performed.
A, E, Bright-field images of cells identified as Purkinje neurons based on their morphology, characterized by a large cytoplasm (compared with granule neurons) and extensive neuronal processes. B, F, MDC staining demonstrating increases in autophagosomes in Purkinje neurons after trophic factor withdrawal. C, G, Lysosensor blue staining reveals acidic organelles (i.e., lysosomes) and demonstrates a marked increase in the size of lysosomes in Purkinje neurons after withdrawal of trophic factors. D, H, All three fields merged, demonstrating colabeling of some cytoplasmic vacuoles with both MDC and lysosensor blue indicative of autophagolysosomal fusion.
Figure 3. The autophagy inhibitor 3MA, blocks the increased vacuolation and loss of Purkinje neurons. Purkinje neurons were maintained in either control medium (25KϩS) or trophic factor withdrawal medium (5KϪS) in the absence or presence of 5 mM 3MA (5KϪSϩ3MA) for 24 hr. A, The effects of the various treatments on vacuole size were quantified by measuring the diameters of all visible lysosensor blue-positive vacuoles in 6 -12 Purkinje neurons per treatment condition in at least three independent experiments. Usually, the total number of vacuoles measured per condition was between 100 and 200. The size distribution was graphed as a percentage of total vacuoles that were within the indicated size ranges. B, Quantitation of the effects of 3MA on Purkinje neuron numbers demonstrate that addition of 5 mM 3MA to trophic withdrawal medium partially rescues Purkinje neurons from death after 24 hr of trophic factor withdrawal, compared with healthy controls. Numbers are mean Ϯ SEM values of seven independent experiments, each performed in triplicate. ** , *Significant difference from 25KϩS (**p Ͻ 0.01; *p Ͻ 0.05).
‡ ‡, ‡ Significant difference from 5KϪS (
culture, undergo a distinct nonapoptotic form of cell death in response to trophic factor withdrawal. Quantification of the number of Purkinje neurons after trophic factor withdrawal is shown in Figure 1 A. Purkinje neurons were identified by staining with antibodies to the Purkinje marker calbindin-D28k. After 24 or 48 hr of trophic factor withdrawal, Purkinje numbers were 50.4 Ϯ 1.4 and 22.3 Ϯ 7.0% of controls, respectively. The remaining Purkinje neurons showed markedly different morphology from that of control cells, characterized by extensive cytoplasmic vacuolation (Fig. 1, compare 
Purkinje neurodegeneration is associated with increased autophagy
Extensive cytoplasmic vacuolation was the most prominent morphological feature distinguishing healthy from degenerating Purkinje neurons in response to trophic factor withdrawal. To determine the mechanism underlying the loss of Purkinje neurons, we first characterized the nature of the vacuoles formed during withdrawal conditions. The formation of extensive cytoplasmic vacuoles is consistent with the upregulation of autophagy. The autofluorescent drug MDC has been shown to specifically accumulate in autophagic vacuoles (Biederbick et al., 1995; Munafo and Colombo, 2001 ). To determine whether autophagy was activated in Purkinje neurons subjected to trophic factor withdrawal, we incubated the cerebellar cultures with MDC and then visualized the MDC staining using live cell imaging techniques. In addition to MDC, the neurons were stained with lysosensor blue, a pH-sensitive dye that fluoresces in acidic compartments (pK a , 5.2), thus specifically revealing lysosomes. These experiments demonstrated that control Purkinje neurons contained both lysosomal and autophagic vacuoles. However, in healthy Purkinje neurons these vacuoles were on average very small ( Fig.  2 A-D) . In contrast, 24 hr of trophic factor withdrawal induced a marked increase in the sizes of autophagic and lysosomal vacuoles, as detected by MDC and lysosensor blue staining, respectively ( Fig. 2 E-H ).
To determine whether augmented autophagy contributed to Purkinje neuron death, we incubated the cultures with 5 mM 3-methyladenine (3MA), a drug known to inhibit the formation of autophagosomes (Seglen and Gordon, 1982) . Quantitative analysis revealed that trophic factor withdrawal significantly increased the size of vacuoles in Purkinje neurons (Fig. 3A) . In healthy Purkinje neurons, ϳ89% of the lysosensor blue-positive vacuoles were Ͻ0.75 m in diameter. After 24 hr of trophic factor withdrawal, most (ϳ47%) of the lysosensor blue-positive vacuoles in the dying Purkinje neurons were much larger with a diameter, between 0.75 and 1.5 m, and a significant percentage (ϳ32%) were Ͼ1.5 m in diameter. Addition of 5 mM 3MA to the cerebellar cultures almost completely maintained the lysosensor size profile of vacuoles in the range observed in control Purkinje neurons. The inhibition of autophagic activity by 3-methyladenine correlated with significantly increased numbers of Purkinje neurons that remained after 24 hr of trophic factor deprivation (Fig. 3B) . . Transmission electron microscopy of Purkinje neurons after 24 hr of trophic factor withdrawal demonstrates ultrastructural features of autophagy. A, Low-power micrograph of a large Purkinje cell with multiple secondary lysosomes (white arrows) and a large autophagic vacuole (asterisk). In contrast, the smaller cerebellar granule neuron (black arrow) does not show these changes. B, Detail of the large autophagic vacuole indicated by the asterisk. There are disorganized membranous structures consistent with endoplasmic reticulum, ribosomes, and glycogen, delimited predominantly by a single membrane (white arrowheads). C, Micrograph showing an autophagosome delimited by a double membrane (white arrows). Note the similarity of the contents to adjacent mitochondria and cytoplasmic glycogen (lower left). Scale bars, 500 nm.
Electron microscopic analysis of autophagic vacuoles in trophic factor-deprived Purkinje neurons
Taken together, the above data suggested that autophagy is upregulated in Purkinje neurons subjected to trophic factor withdrawal. Electron microscopy was performed on cerebellar cultures to confirm that the enlarged MDC-and lysosensor-positive vacuoles observed after trophic factor withdrawal were indeed autophagic vacuoles. The electron micrographs revealed that the cytoplasm of identified Purkinje cells showed multiple autophagosomes, multivesicular bodies, and other secondary lysosomes ranging in size from 0.7 to 3.0 m after 24 hr of trophic factor withdrawal (Fig. 4) . Some of these autophagic structures contained ribosomes, glycogen, and disorganized membranous organelles (Fig. 4 A,B, asterisks, C) . Occasionally, a double membrane was observed extending around cytoplasmic contents (Fig.  4C, white arrows) , indicative of earlier stages of autophagy (Shelburne et al., 1973) . The cytoplasm of Purkinje neurons also contained lipid droplets (Fig. 4 A) . In Purkinje neurons, the nuclear chromatin was uniformly dispersed (Fig. 4 A) . In contrast to the Purkinje neurons, large autophagolysosomes were absent from the granule neurons, which instead showed mild cytoplasmic condensation and peripheral chromatin clumping (Fig. 4 A, black arrow).
Purkinje neuron autophagy and death are caspase-independent
Previous studies have shown that trophic factor withdrawal and other death-inducing stimuli can simultaneously induce both autophagy and apoptosis (Jia et al., 1997; Xue et al., 1999; Uchiyama, 2001 ). In these models, caspase activation and apoptosis occurred downstream of autophagy and could be blocked by 3MA. To determine whether the autophagic death pathway in Purkinje neurons acted in concert with caspase activation, we added the broad-spectrum caspase inhibitor zVAD-FMK to Purkinje neurons undergoing trophic factor withdrawal. Addition of zVAD-FMK (100 M), which effectively inhibits caspase activity in cerebellar granule neurons, was unable to block Purkinje vacuolation or death. The numbers of Purkinje neurons remaining after 24 hr of trophic factor withdrawal in the absence and presence of zVAD-FMK were 55.7 Ϯ 2.8 and 54.7 Ϯ 3.5, respectively. Furthermore, we were unable to detect increases in activated caspase-3 by immunocytochemical techniques in Purkinje neurons undergoing death induced by trophic factor withdrawal (data not shown). In contrast, activated caspase-3 immunoreactivity increases markedly in the granule neurons after trophic factor withdrawal (Linseman et al., 2003) . These results suggest that neither autophagy nor death of Purkinje neurons required caspase activation.
NGF promotes survival and decreases autophagy in Purkinje neurons
Having established that trophic factor withdrawal induced autophagy and death of cerebellar Purkinje neurons, we next examined whether neurotrophin signaling could protect Purkinje neurons in this model. NGF is a neurotrophin known to promote the survival and differentiation of many types of neurons both in vitro and in vivo, including Purkinje neurons (Legrand and Clos, 1991; Cohen-Cory et al., 1993; Mount et al., 1998) . We added NGF at various concentrations to the cultures at the time of trophic factor withdrawal and determined its effect on Purkinje survival. High concentrations of NGF (Ͼ50 ng/ml) significantly increased Purkinje numbers compared with trophic factor withdrawal alone (Fig. 5E ). To determine whether NGF could prevent extensive autophagic vacuolation, cultures were subjected to trophic factor withdrawal in the absence or presence of NGF, and quantitative analysis of vacuolation was performed using live cell lysosensor measurements (Fig. 5G) . Again, in the presence of trophic support, the majority of Purkinje neurons contained small (Ͻ0.75 m) lysosensor-positive vacuoles. After 24 hr of trophic factor withdrawal, most Purkinje neurons contained very large vacuoles, with 49% of vacuoles between 0.75 and 1.5 m, ϳ21% of vacuoles between 1.5 and 2.25 m, and ϳ13% of vacuoles Ͼ2.25 m. The addition of NGF (2.5 g/ml) to the trophic factor withdrawal media significantly decreased the overall vacuolation of Purkinje neurons. The lysosome size profile was shifted, with the majority of vacuoles (ϳ76%) being Ͻ0.75 m in diameter, ϳ19% of vacuoles between 0.75 and 1.5 m, ϳ4% of vacuoles between 1.5 and 2.25 m, and Ͻ1% of vacuoles Ͼ2.25 m. Images shown are representative of the overall effects of the various treatments (Fig. 5A-C) .
To determine whether decreasing NGF in the cerebellar cultures would be sufficient to induce autophagy and death of Purkinje neurons, we added NGF-neutralizing antibodies to the media and determined the effects on Purkinje survival and vacuolation. Addition of NGF-neutralizing antibodies to the cultures for 24 hr reduced the numbers of Purkinje neurons to 70.6 Ϯ 5.3% of controls (Fig. 5F ). Control IgG had no effect on the number of Purkinje neurons. The effect of the NGFneutralizing antibodies was less than the effect of complete trophic factor withdrawal, which reduced Purkinje numbers to 45.2 Ϯ 2.7% of control (Fig. 5F ). To determine whether the NGF-neutralizing antibodies could induce autophagic vacuolation in Purkinje neurons, we performed live cell imaging experiments to measure the sizes of Purkinje lysosomes (Fig. 5H) . Again, control Purkinje neurons contained mostly small lysosensor-positive vacuoles, whereas 24 hr of trophic factor withdrawal markedly induced the appearance of much larger vacuoles. Addition of NGFneutralizing antibodies similarly increased the appearance of larger vacuoles in Purkinje neurons, although not to the same extent as trophic factor withdrawal. Control IgG had no effect on the size distribution of the vacuoles. The ability of NGFneutralizing antibodies to induce the formation of vacuoles was also observed by calbindin staining (Fig. 5, compare A, D) .
The protective effects of NGF on Purkinje neurons are independent of TrkA signaling NGF exerts its effects by binding to two distinct receptors, the TrkA receptor and p75ntr. The high concentrations of NGF required to promote Purkinje survival suggested that the p75ntr receptor mediated the neuroprotective effects of NGF in these cultures. Further data supporting this hypothesis come from experiments showing that TrkA receptor tyrosine phosphorylation is high under basal conditions and does not change on trophic factor withdrawal (up to 6 hr) or on addition of high doses of NGF (Fig. 6 A,B) . Furthermore, Purkinje neurons demonstrated significantly increased autophagic vacuolation (within 3-4 hr of trophic factor withdrawal, as assessed by live cell lysosensor measurements of vacuole size; Fig. 6C ) before any significant decrease in TrkA activation.
In the presence of trophic factors, the p75ntr supports Purkinje neuron survival
The p75 neurotrophin receptor is expressed throughout the developing cerebellum and demonstrates specific spatial and temporal regulation (Yan and Johnson, 1988; Carter et al., 2003) . In particular, p75ntr is expressed in the developing Purkinje neurons by postnatal day 7, the time point at which we obtained our cerebellar cultures. p75ntr immunoreactivity gradually decreases until it becomes absent from adult cerebellum; however, injury such as axotomy of Purkinje neurons results in marked re-expression of p75ntr in the injured neurons (MartinezMurillo et al., 1993) . These data suggest that p75ntr is involved in both the development of the cerebellum and injury responses in Purkinje neurons.
To determine whether p75ntr was involved in mediating autophagy and death of Purkinje neurons, cerebellar cultures were incubated with antisense oligonucleotides directed against a 5Ј region spanning the initiation codon of the rat p75ntr mRNA. This antisense sequence has been shown to be effective at preventing the NGF withdrawal or axotomy-induced death of dorsal root ganglion neurons (Barrett and Bartlett, 1994; Cheema et al., 1996) and the axotomy-induced death of spinal motor neurons (Lowry et al., 2001) , which are mediated by p75ntr. Dissociated cerebellar tissue was triturated with 5 M 56-FAM-labeled antisense or missense phosphorothioate oligonucleotides at the time of plating. The antisense entered both granule neurons and Purkinje neurons in the culture, with nearly 100% efficiency as assessed by fluorescence microscopy. The p75ntr antisense had two distinct effects on the neurons in the culture. Inclusion of the antisense in the culture medium for 7 d resulted in a significant decrease in the basal survival of both cerebellar granule and Purkinje neurons. Purkinje neuron number with the p75ntr antisense was 35 Ϯ 2.3% of control cultures. The effect of the p75ntr antisense on cell numbers was specific because cultures treated with scrambled missense oligonucleotides did not demonstrate diminished survival. Also, the loss of cells induced by p75ntr antisense was not apparent until approximately day 4 or 5 in culture (as assed by cell density by bright-field examination of the cultures). This corresponds to the time in culture when NGF production is first detectable by Western blot analysis (data not shown). These findings suggest that p75ntr mediates survival in response to autocrine and paracrine neurotrophic factors such as NGF and possibly other neurotrophins such as brain-derived neurotrophic factor (BDNF) or neurotrophin-3 (NT-3), which are known to be secreted by cells in these cerebellar cultures (Favaron et A-D, Purkinje neurons maintained in various conditions were fixed and stained with antibodies to calbindin-D28k (a specific marker of Purkinje neurons; red) and the nuclear dye DAPI (blue). Images shown are representative of the effects of the various treatments. Purkinje neurons were maintained in control medium (A, 25KϩS), trophic factor withdrawal medium (B, 5KϪS), trophic factor withdrawal medium with 2500 ng/ml NGF (C, 5KϪSϩNGF), and control medium with 2 g/ml NGF-neutralizing antibodies (D, 25KϩSϩ␣NGF) for 24 hr. E, Quantitation of the effects of NGF on Purkinje neuron numbers demonstrates that NGF partially rescues Purkinje neurons from death in a concentration-dependent manner after 24 hr of trophic factor withdrawal, compared with healthy controls. F, Quantitation of the effects of NGF-neutralizing antibodies on Purkinje neuron numbers demonstrates that depleting NGF from control media results in a loss of Purkinje neurons, whereas control antibodies had no effect on Purkinje survival. Numbers are mean Ϯ SEM values of at least three independent experiments, each performed in triplicate. G, H, The p75ntr promotes autophagy and death of Purkinje neurons in the absence of trophic stimuli In contrast to its effects on basal survival, the p75ntr antisense completely blocked the death of Purkinje neurons induced by 48 hr of trophic factor withdrawal (Fig. 7A) . Moreover, 5 M antisense decreased the autophagic vacuolation of Purkinje neurons elicited by 24 hr of trophic factor withdrawal (Fig. 7B) . Again, in the presence of trophic support, most (ϳ90%) of the Purkinje neuron lysosensor-positive vacuoles were Ͻ0.75 m, and only ϳ10% of vacuoles were between 0.75 and 1.5 m, with no vacuoles Ͼ1.5 m in diameter After 24 hr of trophic factor withdrawal, most Purkinje neurons contained very large vacuoles, with ϳ49% of vacuoles between 0.75 and 1.5 m, ϳ13% of vacuoles between 1.5 and 2.25 m, and ϳ11% of vacuoles Ͼ2.25 m. Cultures that were preincubated with p75ntr antisense oligonucleotides demonstrated a shifted lysosome size profile, with ϳ70% of vacuoles Ͻ0.75 m in diameter, ϳ26% of vacuoles between 0.75 and 1.5 m, ϳ4% of vacuoles between 1.5 and 2.25 m, and Ͻ1% of vacuoles Ͼ2.25 m. In contrast, missense oligonucleotides had no effect on the lysosome size profile of Purkinje neurons deprived of trophic support (Fig. 7B) . Collectively, the above results indicate that antisense-mediated depletion of p75ntr decreases the basal survival of Purkinje neurons in the presence of trophic support. However, under conditions of trophic factor withdrawal, decreasing p75ntr provides a survival advantage to the remaining Purkinje neurons. The ability of p75ntr to mediate both the survival and death in the same neuron depending on cellular context is consistent with previous reports of its effects on dorsal root ganglion neuron survival (Barrett and Bartlett, 1994; Sorensen et al., 2003) .
Overexpression of a truncated p75ntr lacking the extracellular domain induces Purkinje neuron autophagy and death in the presence of trophic support
To provide direct evidence that the p75ntr can induce autophagy and death in Purkinje neurons, we investigated the effects of adenoviral-mediated overexpression of a myristoylated rat p75ntr intracellular domain (p75mICD) protein. This p75ntr truncation mutant was used because it lacks the ligand-binding domain, which would complicate the interpretation of results because of the presence of endogenous neurotrophins in these cultures. It has been shown that relatively low expression levels of this p75ntr mutant mediate the survival of PC12 cells. In contrast, high levels of p75mICD expression induce efficient PC12 cell death (Roux et al., 2001 ). Finally, it has been demonstrated that the intracellular domain possesses the potent cell death-inducing activity of p75ntr (Majdan et al., 1997; Coulson et al., 2000; Rabizadeh et al., 2000; Murray et al., 2003) . Cultures were infected with recombinant control CMV or p75mICD adenoviruses at various multiplicities of infection (moi) on day 5 in culture. After incubation for 48 hr, the cultures were fixed and stained with polyclonal antibodies raised against the intracellular domain of rat p75ntr (Majdan et al., 1997) , followed by a Cy3-conjugated secondary antibody. Increases in p75ntr immunoreactivity after infection with the p75mICD adenovirus were primarily and consistently observed in cells with morphologies typical of Purkinje neurons. Semiquantitative analysis of fluorescence images indicated that p75ntr expression in p75mICD-infected Purkinje neurons was increased by 3.4-fold compared with uninfected controls or cells infected with control CMV adenovirus. To determine whether overexpression of p75mICD could induce Purkinje neuron death, infected neurons were fixed and stained with calbindin antibodies to quantify Purkinje numbers. Overexpression of p75mICD resulted in a dose-dependent loss of Purkinje neurons, with infection at 50 moi yielding similar levels of Purkinje cell loss, as was observed with trophic factor withdrawal (Fig. 8 A) . Infection with a control adenovirus at 50 moi did not induce significant Purkinje neuron death (Fig. 8 A) .
To determine whether overexpression of p75mICD could induce autophagic vacuolation in Purkinje neurons, live cell quan- Figure 6 . The protective effects of NGF are not mediated by TrkA. Immunoblot analysis was performed to determine the effects of trophic factor withdrawal and various doses of NGF on TrkA activation. A, Immunoblot of samples from cultures subjected to 0, 1, 2, 4, and 6 hr of trophic factor withdrawal with a phosphotyrosine-specific Ab. B, Immunoblot of samples from cultures subjected to acid wash, followed by 2 hr of trophic factor withdrawal and then incubation with 0, 5, 50, 500, or 1000 ng/ml of NGF for 10 min. C, The effects of a short time course of trophic factor withdrawal on vacuole size were quantified by measuring the diameters of all visible lysosensor blue-positive vacuoles in 6 -12 Purkinje neurons per treatment condition in at least three independent experiments. Usually, the total number of vacuoles measured per condition was between 100 and 200. The size distribution was graphed as a percentage of total vacuoles that were within the indicated size ranges. ** , *Significant difference from 25KϩS (**p Ͻ 0.01; *p Ͻ 0.05).
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effects of the various treatments on vacuole size were quantified by measuring the diameters of all visible lysosensor blue-positive vacuoles in 6 -12 Purkinje neurons per treatment condition in at least three independent experiments. Usually, the total number of vacuoles measured per condition was between 100 and 200. The size distribution was graphed as a percentage of total vacuoles that were within the indicated size ranges. G, A high concentration of NGF (2500 ng/ml) significantly decreased the autophagic vacuolation of Purkinje neurons induced by 24 hr of trophic factor withdrawal. H, NGF-neutralizing antibodies significantly increased the vacuolation of Purkinje neurons in control media. E-H, ** , *Significant difference from 25KϩS (**p Ͻ 0.01; *p Ͻ 0.05).
‡ ‡, ‡ Significant difference from 5KϪS ( ‡ ‡ p Ͻ 0.01; ‡ p Ͻ 0.05).
tification of lysosome size was performed (Fig. 8 B) . Purkinje neurons that were infected with 50 moi of p75mICD adenovirus demonstrated significantly increased autophagic vacuolation, with only ϳ58% of vacuoles Ͻ0.75 m, ϳ32% of vacuoles between 0.75 and 1.5 m, ϳ7% of vacuoles between 1.5 and 2.25 m, and ϳ4% of vacuoles Ͼ2.25 m. Infection with 50 moi of control CMV adenovirus did not significantly increase Purkinje neuron vacuolation. In addition to increasing autophagic vacuolation, p75mICD infection caused notable membrane blebbing and, in some rare cases, nuclear condensation and fragmentation in Purkinje neurons. Our observations of increased autophagy with p75mICD expression are consistent with a previous report of p75ntr intracellular domain-induced death being morphologically characterized by increased vacuolation (Coulson et al., 2000) , in addition to the regularly reported morphological features of apoptosis.
Discussion
Morphological studies of diseased human postmortem brain consistently reveal signs of increased autophagic activity in degenerating neuronal populations. There are multiple reports in the literature that describe autophagic vacuoles, as well as disturbances in the lysosomal degradative system in neurodegenerative conditions such as Alzheimer's disease ( Cultures were subjected to trophic factor withdrawal or adenoviral infection with either control CMV (at 50 moi) or myristoylated intracellular domain p75ntr (at both 10 and 50 moi) adenoviruses on DIV 5. A, The cells were fixed and stained with calbindin antibodies to determine Purkinje neuron numbers after the various treatments. B, The effects of p75mICD and CMV infection at 50 moi on vacuole size were quantified by measuring the diameters of all visible lysosensor blue-positive vacuoles in 6 -12 Purkinje neurons per treatment condition in at least three independent experiments. Usually, the total number of vacuoles measured per condition was between 100 and 200. The size distribution was graphed as a percentage of total vacuoles that were within the indicated size ranges. ** , *Significant difference from 25KϩS (**p Ͻ 0.01; *p Ͻ 0.05).
Huntington's disease (Kegel et al., 2000; Petersen et al., 2001) , prion encephalopathies (Boellaard et al., 1991; Jeffrey et al., 1992) , and diffuse Lewy body disease (Zhu et al., 2003) . Extensive cytoplasmic vacuole formation, consistent with autophagy, also has been described in degenerating cerebellar Purkinje neurons in models of ischemia (Fessatidis et al., 1993; Barenberg et al., 2001 ) and in spinocerebellar ataxia 1 transgenic mice (Skinner et al., 2001) . Recently, autophagy has been implicated in the death of cerebellar Purkinje neurons in the Lurcher mouse, which suffers from extensive Purkinje neuron degeneration caused by a point mutation in the ␦2 glutamate receptor (Zuo et al., 1997) . Two reports have also shown that Lurcher Purkinje neurons demonstrate ultrastructural features of autophagy at a time when they begin to degenerate (Yue et al., 2002; Selimi et al., 2003) . In addition, overexpression of the mutant glutamate receptor induced autophagy and death in human embryonic kidney 293 cells (Yue et al., 2002 ). In the current study, we have shown that autophagy is greatly enhanced in Purkinje neurons that are dying as a result of trophic factor deprivation, and treatments that decrease autophagy are associated with increased survival, lending further support to the hypothesis that enhanced autophagy is involved in Purkinje neuron degeneration. Moreover, we have identified a role for p75ntr as a possible mediator of autophagy and death in Purkinje neurons.
It is generally accepted that the neurotrophins NGF, BDNF, NT-3, and NT-4/5 promote survival and differentiation by binding to their cognate Trk receptors (Ibanez et al., 1992 ). In contrast, deciphering the role of p75ntr signaling in mediating neurotrophin effects has been complicated by several factors. First, p75ntr shares structural homologies with members of the tumor necrosis factor receptor family of death receptors and lacks intrinsic tyrosine kinase activity. Second, all four neurotrophins are able to bind to p75ntr with similar affinity but display selectivity when binding to the Trk receptors (Klein et al., 1991a,b; Lamballe et al., 1991) . Third, p75ntr is often coexpressed with Trk receptors, and neurotrophin effects are dependent on the relative complements of Trk and p75 neurotrophin receptors (for review, see Rabizadeh and Bredesen, 2003) . In this context, it has been shown that the presence of p75ntr is required for high-affinity binding of neurotrophins to Trk receptors (Hempstead et al., 1991) . Yet another layer of complexity is added when one considers that unprocessed proneurotrophins demonstrate higheraffinity binding to p75ntr but have negligible binding to Trk receptors (Lee et al., 2001 ). Finally, p75ntr may also function as a coreceptor with the Nogo receptor (Wang et al., 2002) or as a receptor for prion (Della-Bianca et al., 2001 ) and ␤-amyloid proteins (Yaar et al., 1997) . These complexities in neurotrophin signaling may provide some explanation for the paradoxical roles ascribed to p75ntr in the literature. Expression of p75ntr is capable of inducing death, especially when neurotrophin concentrations are limited (Rabizadeh et al., 1993; Barrett and Georgiou, 1996) . In addition, p75ntr signaling can result in death in response to neurotrophin binding (Casaccia-Bonnefil et al., 1996; Frade et al., 1996; Kuner and Hertel, 1998; Friedman, 2000) . In contrast, other reports suggest that p75ntr plays an important and necessary role in mediating survival in response to neurotrophins (Barrett and Bartlett, 1994; Barrett et al., 1998; DeFreitas et al., 2001; Bui et al., 2002) .
In the current report, we provide evidence that p75ntr plays an important role in mediating autophagy and death of cerebellar Purkinje neurons induced by trophic factor withdrawal. The promotion of survival and the reduction of autophagic vacuolation required high concentrations of NGF, suggesting the involvement of p75ntr. TrkA phosphorylation was not correlated with the autophagic vacuolation induced by trophic factor withdrawal or with neuroprotection mediated by NGF. Decreasing available neurotrophin with NGF-neutralizing antibodies induced autophagic vacuolation and death of Purkinje neurons. Antisense to p75ntr decreased autophagy and completely inhibited the loss of Purkinje neurons in response to trophic factor withdrawal. Moreover, adenoviral-mediated overexpression of a myristoylated rat p75ntr intracellular domain protein (p75mICD) resulted in significantly increased autophagic vacuolation that was also accompanied by a significant loss of Purkinje neurons. Finally, our results directly show that Purkinje neuron death induced by either trophic factor withdrawal or p75mICD overexpression is associated with increased autophagic vacuolation, suggesting an important role for autophagy during Purkinje neuron degeneration.
Our results with p75ntr antisense suggest a dual role for p75ntr in mediating both the survival and death of Purkinje neurons. Antisense to p75ntr decreased the survival of Purkinje neurons maintained in healthy conditions. The loss of neurons induced with p75ntr antisense occurred at a time when NGF synthesis becomes detectable, suggesting that p75ntr is required for the basal survival of the cerebellar neurons that is mediated by autocrine and paracrine neurotrophin production in theses cultures. In contrast, Purkinje neurons pretreated with p75ntr antisense were completely resistant to death and demonstrated decreased vacuolation in response to trophic factor withdrawal. Collectively, our results suggest that neurotrophin signaling through p75ntr can regulate the survival and death of Purkinje neurons. One can speculate that in the presence of appropriate neurotrophin, signaling from p75ntr can promote Purkinje survival, and decreasing neurotrophin levels can lead to a loss of prosurvival p75ntr signals. However, it is also possible that a loss of appropriate neurotrophins not only leads to a loss of prosurvival signals but also may result in the generation of prodeath signals from p75ntr. This concept of p75ntr as a dependence receptor has been hypothesized by others to explain the paradoxical nature of p75ntr function (Rabizadeh et al., 2000) . In addition, our data have not formally ruled out the possibility that trophic factor withdrawal results in an increase of some ligand that promotes prodeath p75ntr signals because there is evidence in the literature that p75ntr may have other ligands or may also function as a coreceptor with other proteins (Yaar et al., 1997; Della-Bianca et al., 2001; Wang et al., 2002) .
Despite the evidence suggesting that autophagy is upregulated in neurodegeneration, very little is known about the cellular mechanisms that regulate autophagy in neurons (for review, see Yuan et al., 2003) . Several reports suggest that the activation of autophagy contributes to the death of neurons (Xue et al., 1999; Uchiyama, 2001; Borsello et al., 2003; Weeks, 2003) . In contrast, other studies indicate a neuroprotective role for autophagy in Huntington's disease and ␣-synucleopathies (Qin et al., 2003; Webb et al., 2003) . These studies demonstrate that autophagy may be a mechanism for mutant protein degradation and the prevention of plaque formation. Similarly, in cases in which mitochondria are extensively damaged, autophagy may be protective by sequestering and degrading defective mitochondria before they can release death-inducing proteins (Lemasters et al., 2002; Tolkovsky et al., 2002) . One can speculate that the degree and specificity of autophagy may determine cell fate. By elucidating the molecular pathways that regulate autophagy, it may be possible to determine which components of autophagy may contribute to neurodegeneration and which may be neuroprotective. In addition to the questions regarding autophagy as a survival or death mechanism, it will be of great importance to understand the effects of autophagy on neuronal function, such as the formation and maintenance of synapses, the transduction of electrical impulses, and neurotransmitter release.
